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MTRODUCTPON 

Gorge High Dam is located on €he Skagit, River about 2-1/2 
miles east of Newhalem and approximately 24 miles northeast of Rock- 
port, Washington, Figure 1. Constructed solely for power purposes 
Gorge High Dam replaces the existing Gorge Diversion Dam and will 
provide approximately 110 feet of aciditknal head1 for power generation. 
Water fram the reservoir impounded by Gorge High Dam will pass 
through an existing tunnel, 17 feet 9 inebes in dkmeter,  to Gorge power- 
house 'located some 5 miles downstream from the point of diversion. 

Gorge High Dam is a combination graviiry and arch-type struc- 
ture ap toximately 670 feet in length at the top and rising 140 feet 
above t g e present riverbed, Figure 2. The prirncipal hydraulic features 
of the dam are :he spillway, power intake, two outlets, and a log sluice. 

The avernow spillway, located in  the gravity section of the 
dam, has  a cres t  Iength of 104 feet and is designed for a maximum dis- 
charge of 195,000 second-feet alt a head of 55 fekt. Flow over the spill- 
way I s  eontrolled by two 47- x SO, 5-foot fixed.-wheel gates. Due to the 
remote location of the dam, up RIO 7,000 seeand-feet may he released 
In emergencies over the tog of the spillway gades when.the gates are 
closed, 

The two identical outlets are located to the right af the spillway 
and are 8 feet 9 inches wide and 8 feet 9 inches high with an arched top. 
Designed for a maximltm discbarge sf 10,000 second-leek at a head of 
110 feet, the outlets discharge directly into tlhe river, 

Another feature of the st,ructure is tlne log sluice, which is !lo 
caked to the right of the spillway ;and outlets, near the top of the dam,. 
Its purpose is to release logs a d  surface debrris from the reservoir 
when the reservoir  pool is near the top of the spillway gates. After pass- 
ing through the sluice, the logs drop down the downstream slope of 'the 
gravity section of the dam, 



from the left dam ahutmcnt, Flow into the tunnel is controlled by a 
20- x 25-fOot fixed-whcef gate, The power intake :is connected to the 
existxng :unnel rs> Carge Powerplant by constructing a new adla about 
140 feet in length, 

Hydraulic model studies were conducted to develop !he hydrau- 
lic tiesign of :he spillway, to determine the flow cbarac te r i~ t ics  of the 
outlets and log sluice, to study the approach conditions at the power in- 
take when the spillway is operating, and to improve the flow character- 
isties of each of the features, wherever possible. Two hydraulic models 
w e r e  used in the studies: An over-all rnodel~~tncluding all the hydraulic 
features of the dam and a larger scale model of one of the outlets, The 
over-all model was built primarily to study the flow characteristics of 
the spillway, However, a general study of the outlets and log sluice, 
such as the properties of the flow leaving the outlets and log sluice,was 
made usitzg the over-all model, To permit a more detailed study of the 
outlets, a separate model of one outlet was constructed to a larger 
scale. To avoid confusion in presenting the results, each of the hydrau- 
lic models is discussed separately in Phis report, 

P.4RT I--SPILLWAY STWE23 

THE P:48 SCALE MODEL 

An over-all model, including all the principal hydraulic bea- 
tures of Cargc High 'Dam, was built to ai geometrical scale of P:48, 
Figures 3 and 4, The model consisted s f  a head Box, containing t o p g -  
rrrphy for a distance of 380 feet upstream from the dam, the gravity 
section of the dam and most of the arch dam, and a tail box containhg 
topography below elevation 800 feet for a distance of 1,050 feet down-. 
stream from the dam, The spillway, trashrack structure of the power 
intake, outlets and lag sluice were accurately represented in the 1:48 
model, inctuding ali the hydraulic appurtenances of these features ex- 
cept the outlet gates and the log sluice gate, Accurate reproduction of 
the sluice and outlet gates was deemed unnecessary since the outlets 
will operate onijr when the gates are fully open and M, hydraulic prob- 
lems are anticipated in the log sluice which operates with a free water 
surfrree at a maximum head of only 7 feet, 

The spillway was eonstrttcted k$ screeding neat cement to 
metal templates which were accurately cut to the ogee shape, Figure 
5. d row of piezometers, spaced 8 to 12 feet apart, was placed along 
the center line of the right spillway bay, The training walls and piers  
were cut and formed from plywood a d  sugar pine, while the spillway 
gartes, outlets and log sluice were fabricated from sheet metal, The 
prototype topography w a s  reproduced in the head and tail box by pcaur- 
ing a thin layer of roughened concrete over metal lath tacked to wooden 
contours, Figure SB, Depending on the irregularity of the topography, 
the csntows were placed at 10- to 30-foot intervals. 



concrete s imilar  to the other topography, Later in the investigation 
when studies of the erosive effects of the spillway fiow were desired, 
the stable concrete channel was replaced with a movable bed consist - 
ing of 3 f 8 - to I - l f %inch gravel, 

C 

Water was supplied ta the model by a 12-inch horizontal 
centrifugal pump and measured through a bank of 4 to 12-inch venturi 

a meters. 

THE INVESTIGATION 

I 
The spillway development studies were concerned primarily 

I with the entrance conditions to the spillway, the distribution of flow ~ down the spiflway, and the action of the spillway flow rls; i t  entered the ~ downstream r iver  channel, T k  entrance conditions in  the. preliminary 
design were such that a large contraction formed at the right pier 
causing a reduction in the discharge coefficient and an uneven flowdis- 

1 tribution in both the right and left spillway bays, Flow leaving the 
spillway was rough and impinged on the left r iver  bank b e f ~ r e  enter- 
ing the m d n  river channel. 

Same improvement of the approach conditions was accom- 
plished by constructing an approach channel upstream Prom the spill- 
way and backfilling the excavation holes a t  the dam. Further improve- 
ment of thc flow conditions in the spillway was achieved by changing 
the shape of the right pier, Eleven different pier designs were tested 
before saoisfactorily reducing the contraction and improving the flow 
distribution along the right training wall. Figure 6, The adequacy of 
each pier design was determined by comparing the measured discharge 
for each pier with the theoretical discharge, by comparing the depth of 
contraction at each pier, and by observing the flow distribution in the 
right spiilway bay. 

After the spillway approach had been improved and a satis- 
factory right pier had been dea~eloped, detailed studies sf the s p u w a y  
flow w e r e  undertaken, Eleven spillaray designs were tested. Figures 
7 through 9. The various designs dinered in the alignment and width 
of the spillway and in the type of energy dissipating devise, wbich in- . cluded two jump-type basins and scverai  superelevated f l i p  buckets, 
Each of the designs was evaluated by the a c t i ~ n  ~f the flow as it entered 
the downstream channel, including the flow distribution in the stilling 

.I basin or Rip bucket, the effect on the left r iver  \bank, side eddies, and 
the manner in which the flow entered the r iver  ahannel, 

General studies were also made on the ]outlet frorks and log 
sluice with the 1:48 model, T h e  outlet works stladies were limited to 
observation of khe flaw leaving the outlets, since! a detailed study of 

I 

3 
I 
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page E l .   lo; through the log sluice was studied 6y investigating 
the approach conditions to the sluice and the flow down the face OF 
zhe dam. 

The Spillway Approach 

in the prelimiraary design, which i s  shown in Figures 2 and 
9 02.2, no prsvision was made to chaarnei the flow from the reservoir  
to the spillway. The main r iver  chamel or deepest parf of the reser- . 
vclir is located approxim;ately 150 feet to the right of the spP11wzy; 
thus, most of the flow approached the spillway from tlhe right ereat- 
ing ari undesirable cont~action at the right piqr and causing surface 
boils along the shoreline between the spillway?amd power  intaire, The 
contraction at the right pier is discussed in detail under Pier Studies, 
page 5, Water enterin the left spillway bay was very rough, Figure 

r? 10A. Wales "pifed-up on the center pier and tbe Row distribution 
through the left bay * w a s  very uneven. The swface  boils along the 

and the poor flow distribution w e r e  attributed Iko the general 
lateral approach of &e flow from the rigbt and the deep lexcavation 
hole immediately upstream Zxaoxt the spillway. The excarvation bole 
caused the n o w  to accelerate ncmuniEormly from the re~crraoir to ohe 
spillway. 

I 

I In Figure 10B, a large cut was made in  the cmxon wall up- 
stream from the power intake to permit more flow DO approach the 
spillway in a direct line, Althaugh not shown in tbt ptroltograptt, the 
excavation hole upstream from the spillway WZG filled to elevauon 
750. These changes greatly improved the flow tbougih !the left spiU- 
way bay, Figure 10B. The "pile up" of water on the center pier was 
reduced and the surface of the water entering the spill~~iray was com- 
paratively smooth, 

Xs a result of the f k s a  stilling basin studies, discussed on 
page 9, the spillway was moved 20 feet toward the river channel to 
improve the Plow entering the downstream river  channel, Also an 
appraach channel which is required during diversion was placed in 
the model, Figure 29. These modifications helped to improve the 
spillway approach conditions. 

Following tbese design changes, the model was operated with 
the excavation holes upstream from the dam, dilled, Figure 11A. The 
flow entered the spillway in a more direct line; however, the water  , 
surface iilorrg the Upstream face of ebe dam and between the spillway 
;uud power intake was comparatively rough and ideated with small 
boils of water, as indicated by the absence of confetti near the dam, 
Figure 1 1 A, 

lrt Figure llB, the excavation holes were ~ ~ i l l o t d  to eleva- 
tion 750. The reservoir ourdace along the upstream face of tfre dam 
is camparatively smooth and the water  sppssaching the spillway is 



more uniform as evidenced by the. improved flow condition at the rcen- 
t e r  pier. 

Therefore, it i s  recommended that the excavation holes imme- 
diately upstream from ttie darn be backfilled to approximately 150 feet. 

Although the tunnel to the powerplant w.as not cosrsosucted in 
the model, the appearance of the flow in the vicinity of the power intake 
when the ~ p 3 l ~ a - y  is operating indicated that the spillway flow willcause 
roo advc.-se entrance conditions at the power intake, 

Righa SpllEway Pier Studies 

General, Filling the excavaoi~n holes, moving the spillway, 
and constructing the. approach channef impmved the flow conditions a t  
the riight spillway pfer by reducing the turbulence in the approaching 
now, However, due to the general lateral approach of the spillrr=ay 
flow, the large contraction at the right pier s t i l l  formed. The contrac- 
tion caused a reduction in *be capacity of sfre spillway a d  an irregular 
and fluctuating water surface down the spillway face, To overcome 
these undesirable flow conditions, 11 pier designs were tested, Figure 
6. 

Preliminary pier. The maximurn depression in the water sor- 
face cartsea by @Arg contraction, measus& from the top of the pier, was 
38 feet, Figure 12. After recovering fmm the contraction, the flow 
dong the right training wali c r t i n u e d  to rise forming a fin of water which 
rose above the training wall in me lower reaclres of the spillway, Num- 
erous "ropes" of water formed on the surface of the water flowing down 
the spillway, The detraChse in maximum discharge using the thesoretical 
discharge as a reference was 5.9 percent, 

P ie r  So, 2. The preliminary pier was c u t  diagonally i n  elera- 
tion and roumed fmm the lower upstream end to  a point on top of the 
pier 2 feet downstream from the axis of the crest,  Figure 6, %?his 
change moved the contraction downstream making the m ~ ~ u r n  cross- 
sectional flow area form downstream from the cres t  of the spillway, Near 
the right training wall, the contraction was so praminent that the sur- 
face of the spillway at  the gate seat  could be seen. Flow down the spill- 
way was rough, Figure 12B, but no fin of water f o m e d  along the right 
training wall as En thc preliminary design, For Pier No. 2, the maxi- 
mum aepth of contraction measured from the top of the pfer was 57 feet 
anc! the percent decrease in discharge was 8.5, 

Pier No, 3, With  &he same elliptical curve on the upstream 
face as rhe p r e ~ ~ m m a r y  pier, Pier No. 3 Bad a 16-foot overhang be- 
tween e.levations $62.5 a d  882.5 feet, Figmres 6 a& 13, This pier 
design caused an unstable contraction at maradmum dischqe, At me 
moment the contraction would have a depth of 23 feet, Figure 13A, then 
an unstable f low condition would develop and the water would fall away 



from the; pier making: a madmum contraction of 44 feet, Figure 13B. 
Whcr. the coat raction was approximately 23 feet deep, the flow do- 
the splltway w a s  fairly uniform. However, when the contractian in- 
creased to 44 feet, the water  was extremely rough h d  overtopped the 
right training wall, Figure 13B, The decrease in discharge was 2-8 
percent. Although no pressure tests  were conducted, &a unstable 
flow condition at the pier w a s  probably due fo the formation of low- . 
pressure regions along the face of the pier. When the pressures be- 
come subticcientfy low, the flow separated from the pier providingaera- ce liP 

tiers to the tow-pressurz region. With the increase impressure f m  .) 

aeration, the water surface rose on the pier until the low -pressure re-* 
gion again formed, thus causing the alternately high and low water stir- 
faeit= alang the pier. 

Pier Xos. 4, 5, 6, and 7, In effort to eliminate the un- 
stable contractton, several vnra;a",orps of Pier No. 3 were constructed 
andl tested as Pier Nos, 8 through 7, Figure 6, The performance of 
Pier Nos. 4 and 5 were very similar in operation to Pier No, 3. The 
urlstable contraction still  formed with approximately the, same extreme 
depths and decrease in discharge. Figure 14A shows the operatian of 
Pier KO, 4 at maximum discharge when thg contraction was a m i ~ u m ,  

Although the contraction was stable when Pies Yo, 6 was in- 
srallcd, the depth of contraction was 40 feet with a high fin of water 
fox-ming atorlg the right training wall a d  a decrease in discharge of 
5.3 percent, 

With  Pier So. 7 instarlllcd, the maximum contraction of 35 feet 
was w e l l  upstream from the axis of the crest and was  reduced to 21 teet 
its it passed over the spillway crest,  Fbw down the spillway was sst- 
isfactory with no appreciable tin along the training wall. However, the 
decrease in discharge was 3.8 percent. 

Pier KO, 8. Since the previous pier  designs accomplished 
EixtZa an inngmvlng the flow conditions, Pier No, 3 was thickened from 
9 io I4 fee: with a more gradual curvature on the upstream face of the 
pier, Figure 6. The perfonaance of Pier No, 8 was much improved 
over the previous designs, The contraction was stable at 19 feet below 
chc top 01 the pier and, except for a small fin alang the training wall, 
the flow down the spillway was comparativeiy smooth and uniform, 
Figure 14B. The discharge over the spUlway was only 1-3 percent 
less than the theoretical dischfmge. 

. 
P i e r  No. 9, T o  determine whetherm the shape of the pier as 

we21 as  the Lhlckness was a contributing factor in reducing the conWac- 
tion, and to simplify the pier construct i~n if poss%b2&,"Picer No. 9 (Fig- - + 
urc 6) was tested in the moa3el. The shape of Pier No, 9 wss such that 
the overhang incr*e;ased linearly from Zen, at elevation 818.08 to 17 
feet at the top of the pier. Alihougk the flow conditions using Pier No, 
9 awere stable and fairly uniform at all nbws, the change in pier shape 
increased ahe depth of contraction from 19 to 24 feet. N o  data w e r e  



studies have indicated that the decreasein  discharge k p r o p r h o n a ~  
to the depth of contraction, Therefore, i t  cnn be assumed that the 
decrease in discharge was in excess of 1.5 percent. 

Pier No. 10. Since Pier No. 8 gave a smal ler  contraction 
than P i e r  NO, 9, r t  was decided to accept the general shape of Pier 
No, 8 and to determine the amount of overhang necessary to give sat- 
isfactory flow conditions with a minimum decrease in discharge, 

In P ie r  No, 10, the amount of overhang was increased from 
I6 to 30.65 feet maintaining the same slope above elevation 845 feet 
as in Pier Nos, 3 and 8, Figure 6. Increasing the overhang reduced 
the depth of contraction from 19 to 14 feel, and the fin of w a t e r  which 
was observed alang the right training w a l l  with P i e r  No. 8, Figure 
l4B, was compiete3.y climinattzd with Pier No, 10, The decrease in 
discharge for both designs was a ~ r o x i m a t e i y  the same, 1.3 and 1.5 
percent. 

P i e r  80, 11, The studies using Pier Nos. 8 and PO indicated 
that the optxmum overhang should be somewhere between 116 and 30 
feet. It was desired that the fin along Ute training wall be eliminated 
and yet kecp the amount of overhang at a minimum, Discussions with 
the structural d e s i g ~ e r s  indicated that a 24-foot overhang was satisfac- 
tory fro'm the structural and construction standpoints. Therefore, 
Pier No. E l  with o, 24-fmt overhang was constructed and tested. Fig- 
ure IS shows the flow condiaions for discharges of 50,000, 100,000 
and 145,000 secorad-feet, The depth of contraction for maximum flow 
was IT feet a d  the spillway discharge at maximum "a reservoir  eleva- 
ticn was approximately the same as the ccrrxrputebi d i sc '~ rge .  Flow 
down the spillway was very smooth and uniform at all flows with no 
apprecinblc fin of water along the right training wall, Figure I5A. 
Therefore, P i e r  No, 11 is recammended for use in the ptwtotype. 

TRe ay was also operated a t  various discharges with 
partial gate openings to assure  that mo adverse flow conditions de- 
veloped when the flow was controlled by the gates, Except far small 
vortexes forming upstream from the gate, the flow in the vicinity of 
the picr was smooth and sat iskctory for all disch;apges. Figure 1% 
s b w s  the flow conditions a t  the right pier fcrr a discharge of 100,iDOO 
slecond-feet when the gates are partially closed. 

The tests on Pier Nos.  3 and 4 indicated that the pressurns 
an %he pier race were subatmospheric since the flow at times sep-ted 
fra".m the pier. Ten piezometers were placed in Pier No. 1 t --two m w s  
of five giezorneters each rat elevations $28 and $49 feet, Figure 16, 
Pressures  were recorded for discharges of 100,000 and 145,000 second- 
feet. At the lower discharge, the pressures at all the piezometer open- 
ings were atmospheric or  higher, At maximum flow of 145,000 second- 
feet, ?he pressures a t  Piezomet,cr Nos, 2, 3, 4, 9, and 18 were below 
atsmos;pheric with the lowest pressure of 8 feet below atmospheric re- 
corded at Piezorneter No, 4, 3igure 16, The observed subatmospheric 



ihr cavitntiord range and before r e a c h i q  the cmvxiation range the now 
w o u l d  no doubt separate from the p i i r  and provide aeration to the low- 
pressure rcgxon as explained in the tests on Pier Nos, 3 and 4. 

Z , t f r  Spitlasy Pier Studies . 
So tornprehensive studies of thc left pier were conducted 

3tnr:r I ~ M :  cantraction at the Iefr. pier presented no unusual problems 
1 ( 2 2 9 ~  11) tare ciosc proximity of the pier to the canyon wii'tk and the more .- 
t!~reri approach of the flow to the left spillway bay, The undesirable 
f l a ~  conditions observed early in the pier studies, Figure 17A, w e r e  
2-auscd primarily by the large cantraction at the right pier, After the 
;onlrac:ion was reduced by installing right Pier No, 11 (Recommended), 
the flou thrc;ru,gh both bays was improved considerably, Figure lLtBand 
f. To nxaklc the DUQ piers more nearly alike, the thickness of the left 
p e r  was increased to 14 feet--the same thickness as the right @ere 
f nc rcasing thc thickness s f  rhe left pier reduced the contraction from 
23 to 21 feet and slightly i m p w ~ e d  the fiow c~ndi t ions  in the left bay, 
especially along the left traini ' i  wall. 

la is recommended that the thickness of the left pier bz in- 
creased to 14 feet with the same Imrvarure on the pier nose as the 
r*iglrt pier, 

e l  recapiaulabion of the spillway pier studies is shown in Fig- 
u t c *  i B .  

General. Studies on the preliminary spillway design were 
cor.iducte6 at We: same Pime the pier and approach studies were being 
made. The recommended piers and approach channel were installed 
permanently in the mode! during the studies on Spillway Design No, 2. 
Thus ,  the approach to, the spillway was the same for Design NOS. 3 
tkrz~tagtt 11, Figures 7-9,  Minor alterations were made to the down- 
strcrpm endhof the center pier during the spillway studies. These modi- 
fications are discussed under the appropriate spillway design in which 
the changes w e r e  made. 

The geology af the dam site and the river channel downstream 
f rt~p X he dam, among ~ t h c r  considerations, placed certain limitations 
or; the spi l lway alignmentland the meacf5-used t~ dissipate the energy , 

of the spillway flaw, Immediately downstream from the $am, the left 
canyon wall is  a talus slope extending from the r iver  to approximately 
200 feet above the r iver  channel, Since a future access road wil lcross  - 
near ihc tog at the talus stope and movement of lwse material into the 
river channel would endanger the mad, it was c?,esiFable h t  the spill- 
way flow either bc directed a w a y  from the slope or be sufficiently 
quieted that the f l ~ w  would not move the material. Another considera- 
tion w a s  the depth to solid bock below the r iver  channel which varies 



tance of-600 feet downstream from the darn. The comprativelysteep 
rSownwaK3 slope of the solid rock limited the length af stilling basin or 
bucket which could economically be used. 

These two limitations greatly influenced the thinking in devei- 
oping a satisfactory spillway and energy dissipater design. 

Preliminary design, The preliminary spillway design, Fig- 
ures 2 and i A, w a s  of the conventional ogee type wich a short horizon- 
tal apron extending 18 feet downstream from the curved toe of t&e s p i l -  
way profile. Baffle piers, 5 feet in height and curved on the upstream 
dace, w e r e  placed on tho apron to aid in breaking up the high-velocity 
flow. Af  th~ugh a hydraulic jump formed a t  the downstream end of the 
spillway lor vezy small discharges, the spillway was designed to re- 
lease the larger flows horizontally into the river with al enerjp dis- 
sipation raking place in the river chmcl ,  

T o  study the spillway flow without having to consider the 
changing Blow pattern due to erosion, the downstream r iver  channel, 
including the tallus slope, was initially molded in concrete to form a 
stable channe!. Figure 19 shows the spillway operation at the near- 
maximum discharge of t 40,000 second-feet, 

Due to the side displaccment cif the spiilway with reference 
to the river shannef, *he spillway flow climbed the slopc of the exca- 
vated channel, turrted, and entered the river channel with no appreei- 
able deceleration. Eddies formed on each side of the spillway caus- 
ing flow to re-enter the spillway jet by ovcriopping the training walls 
and the spillway flow, The intermixing of the spillway blow with flow 
from the side &dies caused considerable splashing and extremely 
mugh water dourmstream from thc spillway. 

Figure 19B shows th? spillway d i scha rg iq  100,000 second- 
fee?. Although the side eddies w e r e  less pronounced, the gcnera2 
pattern of flaw was the stlrrpc as observed at maadmum flow, For ciis- 
charges less tbm 25,600 second-feet, a hydrauiie: jump formed on the 
horizontaE apron and the f law entered the r ive r  channel satisfactorily, 

From she studies on the prchiminasy design, it was apparent 
that, to s ave  the talus slope downstream from the spillway, the spill- 
w*ay flow should be released more directly into the river, This caul$ 
be accomplisired in several ways: (1) Place the spillway in the center 
of the river o v e r  the arch section of &e dam. (2) Rotate the axis of 
the spillway i n  i t s  preliminary location to release the !'low more di- 
rectly into the r iver ,  (3) Move the entire spilirsrry toward the river 
channcf within the gravity portion of the dam, 14) Superelevate and 
curve the spillway to direct  the flow into the r ive r  channel, 

The first possibility was eliminated because of design pmb- 
lems and the extreme depth tcr bedrock in the river channel, The 



able approdkch eandizi6rs. The third choice offered a reasonable 
scbXution, Since the rQ&t portion of the gravity section of the dam is 
1; al.rrust b t w k  for the a rch  dam, the amount the spillway cauld be 
moved to the right w a s  limhed to 20 feet by the desigr~crs, however 
Thtzredare, it was decided to gain as much directional effect as pos- 
srbie by moving the entire spi l lway 20 feet toward the river channel 
ard to fur:4er direct the f low into the r iver chaunel by superelevating 
:he spLtIwixy [fourth choice-). 

Design No, 2, In Design KO, 2 the spillway was moved 20 
f2c.t to the raght and a superelevated bucket wi th  hdfle piers wss 
placed in the spillway, Figures 7B and 20A. Rather than move the 
spi2lway in the model which would require the cosily procedure of re- 
oui lding the spillway cres t  auld gravity section of the dam, the tail 
>a>: containing the downstpeam topogx-aphy was shifted 20 feet to the 
leis and the topography upstream from the dam was removed and re- 
fzmz it, conforming to the 20-foot shift, 

Shifting the spillway toward the r iver  channel reduced the 
deft sicit: eddy, but the urnretarded flow still bnpinged on the talus 
sfope, Figure 20d. The superlchevation in the bucket was insufficient 
:o :.rccamplish any noticeable turning of the flow toward the river 
channel, bur ?he spillway flow was raised sufficiently to prevent eddy 
flow from grasshg over the top of the jet leaving the bucket, 

A f t e r  impinging on the talus slope, the fiow was deflected to  
tile opposite rives bank, It appeared that less f l s w  would be deflected 
:a the opposite bank i f  the downstream end af the autlet channel was 
mndifted by removing the point indicated by the c=a~penterk s l e  
Figure 2008. 

Figure 20B shows the flow* entering the r iver channel after 
the point was removed, The spillway PAOW entered the r iver channel 

less dcflectior. to the opposite bank, Figure 29 indicates the 
amount the autlet channel was mudified, 

Design No, 3, Since the superelevation in Design No, 2 was 
tnslrifficient to turn the spillway now, a bucket with an extreme super- 
clcvatlon was constructed in Design No, 3, Figures 7C and 22A, Al- 
though Design No, 3 helped to turn the flow, Figure 22A, the bulk of 
thrr jet was still  directed to the left bank of the river, 

0 

The a k v e  tests  indicated ahat even with extreme supereleva- 
tian of :he bucket the jet was not turned the desired amount, Xt was 
~ v ~ d e n t  that superelevation shodid start near the c res t  of the spillway - 
aard cdl~inlae through the bucket, l[a addition, the spillway needed to 
be turned or curved more toward the r iver  channel. 

Design No, 4, In Design No. 4 the right training wall  down- 
s t r eam from the ax.& of the dram w a s  rotated 6-1(2@ toward the r iver  



nohlnaf to tire right training wall, Figures 7D and 22B, The left Wain- 
iag waif was~cusved to make the dourlastream end s f  the  bucket 104 feet 
wide, T h e  superelcvation was jess than that used in  Design No, 3 but 
started higher up the spillway. 

By comparing F igums  22A and 225, it can be seen that turn- 
ing the spillway helped to place the Row more direcay into the river 
channel, The now in the spiuway was unevenly distributed, with Some 
of the flow from the left bay crossing over the top of the flow in  the 
right bay, creating a la rge  fin of water  whSch spread to the right of the 
spillway, 

Using Design Xo, 4, tests were run with 3md without baffle 
piers on the supere3emtecS bucket. From visual observations, i t  ap- 
peared that the baffle piers  were  of little value in breaking up the jet, 
Therefore, the baffle piers  w c r e  removed from the model, 

No, 5, To more  evenly distribute the flow in the super- 
elevated EYF7T c e an o flip the jet upward to a grea te r  degree, the cur- 
vaturc of the bucket was increased in Design XQ. 5. In general, thiir; 
change smoothed out the water surface in the center of the spillway but 
caused fins of white water to form along the edges of the jet, Figure 
23A. The greater  curvature of the bucket =is4 the trajectory of the 
jet permitting the flow to  enter  the pool at a steeper angle. The bulk 
of the flow was directed into the river channel but the left edge of the 
jet still impinged on the talus slope. 

Design No, 6, The studies an Design No, 5 indicated &at the 
left portion of the jet should be further turned toward the r ive r  channel, 
This was accomplished in Design No, 6, Figure 8B, by introducing 
more curvature in the lefi training wall, thus gradually reducing the 
width of the spillway to a minimurn of 75 feet at the downstreaxn end of 
the bucket. 

Pn general, Design No, 6 gave the best results of any of the 
designs previously tested, The entire jet was directed away from the 
talus slope and intp the r i ve r  channel, Figurep-23B, Although the jet 
w a s  concentrated in a smaller area,,zpnd a thin sheet of water folded 
over  the right side s f  the jet, it wi$ evident that the basic features of 
Design No, 6 could be relined into a satisfactory spillway design. 

Figure 24 shows the operation of Design No, 6 far flows of 
57,500 and 25,080 second- feet with both gates open anO with the Fight 
gate closed. Except for the sheet of water spreading to the right of 
the main jet, the flow was  satisfactory when both gaies w c r e  equally 
open, Figure 24A and C, With the right gate closed and d@cbasg= 
above 35,600 second-feet, the n o w  through the left ga t s  spread and 
created a fountain-like disturbance near the downstream end of the 
right training wall, Figure 246. This: disturbance could be eUmin- 
aterd by opening the sigh9 gate from 6 to 8 feet to permit IPsw through 



through the left gate, the jet spread across the bucket giving an ex- 
cellent now distribution, Figure 24D. 

Design Xo. 7. To investigate an entirely different type of 
encrgy-fiss~patxng oevice, the hydraulic jump basin was employed 
in Design No. 7 ,  Figures 8C and 253. The genemi plan of Design 
No. 6 was modified slightly and extended downstream to the stilling 
basin floor at elevation 680 feet. To aid in dissipating the high- 
velocity flow, baffle piers with a curved upstream face 7 feet wide 
and 28 feet high w e r e  placed in the downstream end of the stilling 
basin. 

Figure 25B through D shows the operation of the stilling ba- 
sin at various flows. For discharges less khan 60,000 second-feet, 
a hydraulic jump formed but the now was concentrated on the left side 
of the W i n ,  Between 60, 000 to 75,300 second-feet, the jump was on 
the verge of sweeping aut, Figure 25C. The high-velocity flow struck 
the baffle piers and was deflected upward causing extreme surface 
turbulence at the downstream end of the basin, For discharges above 
80,000 second-fect, the jump swept out and the high-velocity flow con- 
tinued into the r iver channel, Figure 25D. 

Although the flow conditions in Design No. 7 were generally 
cnsatisfactory, the jump basin could be used by lengthening and2ower- 
ing the stiiling basin and by changing the superelevation to  evenly dj.5- 
tribute the flow entering the stilling basin. The cost of constructin& 
D e s i l ~ .  No. ': was considerably more than Design No, 6, and to en- 
larxip %be stilling basin sufficiently to perform satisfactorily at maxi- 
mum flow woisld make the construction costs prohibitive, Therefore, 
it was decided to abandon the jump basin and concentrate on improving 
the superelevated bucket of Design N0, 6, 

Design No, 8. Design No, ti was modified by raising the 
bucket and changrng the superelevation to improve ahe flow distribu- 
tion m d  raise the jet above the tail water, ~ e s i ' h  No. 8, Figure BA, 
Also, the downstream end 01 center pier was turned 3" to confarm to 
the curvature of the arainlng walls. The operation of Design No, 8 
at maximum flow, Figure 26A, w a s  improved over Design No, 6, Fig- 
ure  23%. The flow was more evelily distributed and the jet was more 
stable, 

The f low disturbance at the downstream end of the right train- 
ing wall  w a s  still prevalent when the left gate was discharging 57,500 
second-feet. In an effort to eliminate the flow disturbance, the height 
of the right training wall was reduced by sloping the top of the w a l l  
downward to the l ip of the bbcket. Howewer, Ohis change offered no 
improvement over the flow conditions observed in Design No, 6, Fig- 
urn 24B and 26B. 



Prom the center pxer tb the end Gf the-buslket, was L e d  't6 separate 
the, flow in the two bays, Figure 9B, A1 maximum flow,, the flow was 
unevenly distributed and a large fin of water formed along the: left 
s ide of the dividing wall, Figure 21A. Several differed s u p e r e l e d &  
buckets i n  each bay w e r e  tested, tut poor flow conditio~xs stul per- 
sisted. The dividing wall was then shortened by removing the down- 
stream 50 feet of wall, Figure 2"i, This change reduced the height 
of the fin of waxer along the dividing wall; however, there was con- 
siderable disiurbncre where the flow in each bay joined downstream 
from the dividing wall, Figure 2?C a d  D, 

Since the dividing wall increased the over-all cost of the 
spillway with no a p v r e n t  improvement in Uze flow conditions, the de- 
sign utilizing a dividing wall was abandoned, 

Design No. lo,, Design So, 10 was simUar to Design No, 6 
except the right trainlng! w%U was curved and the width of the bucket 
lip was reduced from T 5  to 32 feet, Fi,gure SC, Curving the right 
training wal l  helped to srmcmth out the flow down the spillway, mgure 
28A. The flow was uniformly distributed and these was no tendency for 
the jet to climb either training wall. The trajectory of the jet after 
leaving the spillway was compasstively flat and lowered the tail rater 
downstream from the spillway. 

To  refine the spilllway design, several mdSi@ations to De- 
sign KO. 10 were tested, These modifications included buckets al dif- 
ferent elevations, varying amounts of superelevation, bucket lips 
which w e r e  straight o r  curved in plan, and varying le- of buckets. 
Figure 28B shows the operation of orre of these modifications a t  maxi- 
mum discharge, La this case the lip of the bucket was raised to ele- 
vate the trajectory of the jet, Except for the steeper trajectory, the 
flow in the spillway was similar to Design No, 10, 

Recommended spillway design, As a result of the extensive 
studies d e s c r ~ ~  above, Desrgn DQ, I1) was modified slightly in the 
recommended spillway design, Figure 9D. The lip of the bucket was 
raised to permit the jet to enter the pool at a steeper angle and the 
rigkt trainiag wall was made straight for  a distance of 50 feet h w n -  
stream from the axis of the dam and then curved to the lip of the 
buckct, The general plan and elevation of the dam art shown in Fig- 
u r e  29 and details of the crest, piers, bucket and training w a l k  for  
the ~recommendsd spillway are shown in Figure 30. 

The recommended spillway was initially operated with a 
stable channel downstream from the spillway* Fig- 31A, The 
charme: was molded in concrete conforming to the topography shown 
in Ffgure 29 an8 rinciudeci the mdified spillway channel shown in Fig- 
ure 21, When the model was operated at maximum discharge, Fig- 
ure 31A, the bPx1w struck the stable cihannel and spread laterally and 
downstream without forming any pool to dissipate the high-velocity 



now, Since the channel is composed of loose material to depths of 
P56 feet, the now pattern shown in Figure 31A will exist only during 
the initial phase of spiflway operation, Soen after the spillway Pisst 
operates, erosion will occur, a pool wi l l  form, and the flow pattern 
wi l l  change. The depth and location of the erosion wil l  depend on the 
amount of water being spilled and which gates are used to release she . 
n o w *  

Considerable thought was given to the problem of best demon- . 
strafing the f law pattern at different discharges and various gate open- 
ings. Erosion studies (discussed on page 16) were made to determine 
the location and depth of erosion for various discharges. However,, 
since the results of madel erosion studies axre o d y  qualitative, exact 
reproduction of the prototype erosion in xire model cotnld not be ex- 
pected. Afso, the spillway =ill undoubtedly operate over a wide range 
of discharges far an unknown length of time. Therqkore, it  was decided 
to obtain a composite erosion pattern in the r iver  chanrrel which corn- 
bined the erosion patterns for a discharge of 57,500 second-feet with 
the gates in three positions: ( A )  left gate fully open and fight gate 
closed, (2) right gate b r ? f 3 ~  opgn and left gaze closed, and (3) bothgates 
partially open a n  equnf armmt, The composite erosion pattern ob- 
tained from %he above operation was then stabilized by placing a thin 
layer of concrete over the movable material, Figure: 31B. The model 
was then operated for other discharges using the composite erosion 
pocket, A! all ZJ3rs a more representative flow pattern was obtained 
although it is realized that the erosion pocket gives true flow condi- 
tions only for a discharge of 57,500 second-feet, All photographs of 
thk recommended design showing flow conditions in the downstream 
river channel, except Figure 43, were taken with the composite ero- 
sion pocket in the downstream rives charmel, 

Figures 32 and 33 show the spillway operation with both gates 
eqliali y open for discharges of 1% 000, 25, N O ,  60,000, 100,000, aad 
145,000 second-feet, T h r a r g h u t  tire range of discharges, the flow? is 
directed into the river c b n n e l  withoul impinging on the talus slope on 
the left bank of the river, An indication of the improvement obtained 
by turning the spitlway f law can be seen by comparing the preliminary 
design. Figure 998, with Figure 33B. In the impsavled design cn053 
of the turbulence from the jet occurs in the r iver  and dong the rigb 
bank, which is solid rock auzd capable of withst;Lnd$q the impact of the 
spi llway flow, 

Discharges of 10, QQQ. 25,000, and mrarianum flow ohrowgb . 
one gate at reservoir elevation 875 feet are shorn3 in Figures 34 and 
35. For discharges less xhan 40,000 second-feet, the flow was well 
distributed and the spreading of the jet was confined to the width of - 
the bucket, Above 40,000 second-feet, tbe spreading flow reached 
the right training wall, causing a high f in of water alng the training 
wall, Figure 34C. Flow through the right gate was sixnib in opcra- 
tion except that the spreading flow reached the left training wall at 
discharges above 19,000 second-feet, Figure 35. 
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Detailed studies of the flow in the outlet worls axid log sluice 
could not be made on the 1:48 scaie model because of the small scale 
of the mdel, However, general studies were made of the log sluice 
and the jets leaving the outlet works, 

Figure 36B show*s the outlets discharging the maximum flow 
of 10,OC1(5 second-feet with the rest:rvoir at elevation 875 feet, Due to 
the alignment s f  the spillway axd3a)ie outlets, part of the flew from the 
left outlet glances off the right training wall of the -spillway treating 
considerable splash and disrupting the flow of the jet. Consideratton 
was g5ven to moving the outlets to the rQht or placing a deflector wall 
along the left side of the outlet. However, the outlets cannot be moved 
farther to ihe right without endangering the stability of Phe thrust block 
for the arch dam, The deflcct~r wal l  was considered unnecessary 
s ince  the ow lets wiil probably operate only during diversion, Normally, 
the reservoir water will be released through tbe powerhouse and spill- 
way, and ebs: outlets will be used to release water olaly in emergencies 
after the darn is constructed, Therefore, it was decided to make no 
changes in the zlignment or location of the outlets. 

Figure 36C shows the log sluice operating apthe same time as 
the outlets. Although this operating condition will probably never occur, 
the figure shows that water may be released from the log sluice with- 
out disrupting the flow f r ~ m  the outlets. 

The approach conditions to the log sluice are demonstrated in 
Figure 368. Confetti an the water surface indicated that the flow ap- 
proaches the sluice uniformly, Figure 36E and F shows logs approach- 
ing the sfuzce and passi,ag down the spillway face. The logs correspond 
to prototype logs, 1: to 2 feet in diameter and 8 to 20 feet in length, 
Tests indicated that the logs send to approach the spi l lway with the long 
axis normal to the dam and only occaszonally would a log become lodged 
ac ro s s  the  sluice entrance, 

It should be noted that the junction of the arch and &rust block 
in the model is Station 5t2Q instead of Station 5+00 in the Wecebmmended 
Design as shown in Figure 29. This discrepancy occurred when the 
positions of tape spillway and outlets were changed in the model by mov- 
ing the topography without rebuildine the dam and spil lway (see Design 
Xo. 2, page 10). The line marked ' 500" near the base of the thrust 
block in Figure 3631 and C is Station Sa88 and indicates the true width 
of the block. Therefore, part of tRc flow fmm the log sluice, Figure 
36C and F, wi l l  spill over the edge of the -st block. 



Considerable data was obtained from the model for later 
carrchticm with data from the prototype, ineluding water surhce . 
profiles, erosion studies, spillway pressures, and elevation of the 
mil water for different flow conditions, In addition, spillway rating 
eurvcs for free flow, pa-1 gate openings and flow over the gates .. 
were  obtained, Studies were also made to ileterxrkhe the procedure 
for apcrating the gates to obtain optimum spillway performance. 

isrates Surface Profiles 

Profiles of the water surface along each training wal l  and 
the center pier were obtained for discharges of 50,000, IBO, 800, 
and 145,000 second-feet with both gates fully open, Figure 37. Cross- 
sections of the flow wcrc also ~btahedl at the downstream e d  of the 
bucket and at a distance of 50 feet downstream Prom thear is  of the 
dam, The profiles indicate that the t x a h h g  -Us havo sufficient frec- 
board and that the depth of flow i s  comparatively unfforma across the 
width of the spillway, 

Section 6 - G ,  Figure 35, shows the trajectory of the left s ide 
of t h e  jet as it leaves the bucket, The angle at which the flow enters 
the tail  water varies from 500 for 58, OW second-feet to 300 for the 
maximtun discharge cd 145,000 second -feet, 

Figure 38 gives the water surface profiles along the training 
walk and the center  pier for discharges of 25,060 a d  57,l Qp second - 
fcct through the left gate when the right gate is closed, Exccpt for 
the b i n  of water along the right training wall, the water is w e t l  distri- 
buted as it lezrves the spillway bucket, Similar profile data with the 
right gate operating a d  left gate closed are shown iri Figure 313, 

Erosion Studies 

For the erosion tests, the stat2e channel was removed for a 
distance of 5*?5 feet downstream from the dam and rephced with 318- 
to 1-1 12-inch gravel to conform to the topography shown in  Figure 29. 

Prior to placing the gravel, concrete topography was instailed 
in the model to mprcsent  the solid rock Itornndation as indicated by test 
holes drilled at the dam site, The depth a d  lacation af scour  w e r e  
determ~ined for thee operation c d t i o n s :  (1) left gate dischrging 
lO,OO(Si, 25,000, and 57,500 second-feet with the right gate closed and 
the reservoir at 875 feet, (2) right gate dischargixqg 10,000, 25,000, 
nnd 59,100 second-feet with the left gat6 closed a d  the resesvair at 
815 feet, and @) both gates equally open axtd discbarging 10,000, 
25,000, 60, OOQ, 100,008, and 145,000 second-feet at maximum reses- 
vois ebevation with co flow over the tog of tb- gates. 'Phe model w m  



sbvely througb the highest discbarge without &molding t h e  er6sion 
pocket. However, befare starting the erosion stdies fox the seclrnd 
=ad third operating conditions, the erosion packets were nllPd and re- 
molded to conform to the origirral topography, 

Fib-we 4Q shows the erosion pattern for the three discharges 
through the left gate, The erosion pocket occurs wel l  to She right of 
the outlets and from 100 to 150 feet downstream from the spillway 
bucket. The elevation d the lowest point in the erosion pattern varies 
from 710 feet for 10,OOQ second-feet to 690 feet for 51,500 secotid-feet, 

Erosion patterns with the right gate operating are shown in 
Figure 41.. The erosion pockets occur directly downstream from the 
outlets and appmximat,ely 1 00 to 200 feet from the s-way bucket, 
The channel eroded to elevation 714 feet with a discbarge of 10,000 
second-feet aPd to elevation 695 with a discharge af 59,108 sectpad- 
feet, 

Figures 42 and 43 show the progressive scour patterns when 
both gates are discharging from 10,080 ho the maximum of 145,000 
second-feet. For discharges of from 10,000 to 25,008 second-feet, 
the erccsi~n pocket occurs directly downsta-eam P r o i n  the outlets, Fig- 
u r e  42A and B. For discha~ges  above 25,000 second-feet, the erosion 
pittern moves to the right of the: outlets and approximately 200 feet 
downszream from the spillway bucket, Figures 42C and 43, For dis- 
charges above 100, W O  second -feet a side eddy, which increases in 
intensity with discharge and the length of time the spillway operates, 
forms to th2 HcR of the spillway flow, Figure 43111 and B. The con- 
centmtion oY flow at the higherr discharges, coupled with the side eddy, 
caused tire channel to erode to the floor af the tail bx, or elevation 
668 feet. 

Ttrc erosion studies indicated that the depth of scour was 
moderate for discharges up to 50, OQQ second-feet through one or bath 
gates. Abwc 50,000 second-feet, an  erosion pocket from 50 to 100 
f e e t  deep may donn in the river channel to the right of the talus slope. 
A t  dl flows, the erodible material remained intact for mimimum 

, distance of appr orimateiy X 06 feet downstream franrc the dam, Since 
the erosion pocket will form wel l  downstream Zrom the d a m  g d  spill- 
way bucket, the safety of Fie sfNcture is assured against undercutting 
and erosion. 

Spillway Calibration 

Spillway rating curves, reservoir elevation versus discharge, 
for free-flow and prtial gate openings in increments of 2 feet, Figure 
44, w e r e  determined from the model anel checked using bdependent 
banks of venturi meters. The curves for free-flow aad gate openings 
in increments of 4 feet w e r e  determined by calibraaon tests, and the 
intervening 2-foot gate openings were determined by interpolation 



vertical dtstance from. the spiUwg crest Po the botfolm of the &te. 

The spitadav \yoefficient c u m e  for free-flow is also shorn in 
Fiprc 44 giving 'T" 2r Q = ~ t t i 3 / 2  in terms BZ reservoir elemtion. 
In this equation Q is the discharge in second-feet, L is the length QT 
crest  bctwcen piers, and H is the diffemnce in elevatim between the 
spillway crest  a d  the reservoir elevation, At elevation 875, top of 
gates, the discharge is f 20,000 secoad-feet, The maximum design 
discharge of 145,000 sccmd-feet with a coefficient, C, 8 f  3.68 oc- 
curs at reservoir elevation 881, 

A discharge cunte for flow over the top &,the gates in the 
seated psit ion was also dctcrmined from the m d e l  However, due 
to viscaus effects and surhce tension in the relatively bw flows, a 
coeificient of discharge of 4.8 to 4.2 was obtained in the model, Since 
a discharge e=rel[iicicnt of such magnitude is seldom attained on rounded 
crests, a p t b g  eunte, Figure 45, was computed drum data contained 
in Engineering 3.Ionograpb No. 9. I f  The curve is based an a coefficient 
of 3-95 at design head and assuaaCs an aerated nap- downstream fram 
the gate. 

No rating ctarve for the log sluice was computed or obtained 
from the modcP, since the sluice will operate only intermittently and 
for s R m  periods of time, The rating curve for the outlets is discussed 
on page 36, 

Pressure &leasurements on Crest and T m n g  WaU 

Piczometsic pressuk-es m the spillway were obtained for free- 
fiw discharges d SO, 000, 100,OOO, rvld 145,000 second-feet and gate 
openings of 4 ta 36 feet. in hcrexnents of 4 feet, at maximum reservoir 
elevation, The row of 110 piezometers was located along the center 
line of kite right spillway bay. The longitudinal location of 4he piezom- 
etcrs and a tabulation of the observed pressures for the various flow 
corditions am shown in Figure 46. 

The observed pmssurcs far free-flow were atl above shrslos- 
pheric with the lowest pressure, 0.7 foot ~f water, observed at Pie- 
zornetcr No. 9 for a discharge of 50,000 second-feet. At partial gate 
openings, subatmaspheric pressures were observed at Piezometer 
Xas. G through 9 for gate openings of 4 to  2%) feet. The lowest &- 
served pressure was 5.8 feet below atmospheric at Fiezameter So. 9 
for a ;Gate opening of 20 feet, Since the subatmospheric pressures are 
well  abiwe the cavitation xrange, the spillway is adequateiy designed 
against cavitation prcssusces, 

1 ~'I'l~~c?zii-ge Coefficients for Irregular Overfill Spillways, " 
by J. X .  B-cy,, Bureau af Rechmaajrlw, March 1952, 



suscs w c r c  observed at 20 piczarnete& spaced at different lo&tions 
along the left trainirtg walland at 4 piezometcrs near the downstream 
end of the rig& trainirt wall, Figure 47. Pressure readings were 
recanled for free-flow discharges of 50,000, 100,000, and 145,000 
second-feet and discharzes 01 25,000, a d  60,000 second-feet through 
one gats with the other gate closcd. 

The mxirnurn observed pressure on the left trahing '(KELU 
was recorded n a r  the b o t t m  of the wall at Piezometer No. 13, where 
a pressure of 63.5 feet at water was observed at the maximum dis- 
charge of 145,000 second -feet. The pressure tests indicated that 
near the bottom of the right training in a region from 20 to 50 
feet upst ram from the end of the wall, the pressures were maximum 
and varied from 61 to 63.5 feet of water (see Siezometer Nos. 6, 7, 
8,  12, 33, 14, and 50, Figure Or), &rth~ upstream aad downstream 
from this region, the pressures near the bottam aL the wal l  lessened 
gradually to 4.8 and 12.0 feet  of water, respectively, 

With flout through one gate asadl the ather gate closed, mari- 
mum pressures ware ,also &servedi-% the same region d the left wall, 
regar$hss of whichgate was o-pen or  closed, The maximum, pressures 
observed i n  the region varied between 36.1 and 41.8 feet of water at 
the maxinnunn discharge of ,60,000 second-feet through me: gate, Al- 
through the u.;atcr in spreading %ram the right spaway b y  sttuck the 
IcR training wall, the prbessure ~mearsurcments indicated that the im- 
pc t  pressures on the lcft wal l  werc na higher than the pressures ob- 
served when the maximum flow was released through the k R  spillway 
bay. 

The pressures observed near the downstream end of the right 
%.all were appr-teiy almcespheric or lower when both gates werc 
discharging, Piezometrr Sm, 21 through 24, Figure 47. Similar pres- 
surcs wcm obtained when the right gate was open and the left gate dosed, 
However, when 60,000 second-feet was released t h r o w  the IcA gate 
(right gate closed), the impact of the spreading flow gave a rn2W.m- 
pressure of 25, i0 feet cf water at Piezametel- No. 23, The magnitude 
of the pressurcs obsesv~d on d i a e  right wall may be exptairaed as tallows. 
When water i s  released through the left gate with the right gate: closed, 
the spreading flow strikes the sight wal l  tnnsfomning wrt. d the veloc- 
i ty  head into pressure h d  giving a higher piezometric pressure along 
t k  wall ,  

Tail-water Elevations 

Since no prototype tail-water data was available for the model 
studies, at;proximatcly 1,100 feet d river chamel downstream firm the 
&m was included in the model. The model cbmel a'as s t m p d  in con- 

to cmfonn ta the prototype topography obtained from field surveys. 
So attenapt was made to manually control the PaSl water at the dow,arstrtlam 
em? of the tail boa, since the length of channel was considered sufficient 



for the flow to reach equilibrium and establish its own tail-water cat- 
trsl, During erosion studies, the concrete in a stretch of the r iver 
channel for a distance of 575 feet downstream from the dam was re- 
placed with gravel. - 

Under the h o v e  test canditions, the mrrrimum tail-water 
elcw+tions immedia-ccely below the dam varied a s 3 m t e l g  18 feet 
depending on whether the channel was stable o r  erodible, When the 
erosion tests werc conducted with gravel in the fiver channel, the 
tail-water elevation for maximum discharge was 770 feet at the bet- 
igi~ing of the test. Aftcr the model had operated for  1 hour and most 
of the p v c l  had washed over the downstream end of the tail box, Fig- 
ure  43B, the tail-water cllcvation at the dam was 765 feet. With the 
s*abic channel and no erasion, Figure 31A, the t d l  water was 752 feet, 
w h i k  tail watcr 756 feet was observed with the stabilized erasion 
pocket, Figure JIB. 

From the ahove tests, it can be seen  that an ,accurate deter- 
mination of the prototype tail waaer cannot be obtained from the model. 
%if -water elevations on the prototype will depend on how much river-. 
bed material is moved, how rapidly i t  is carried downstream out of 
-b;~nge of the control section, and where deposits of eroded material 
w i l l  be rnade, However, it is believed that the two extreme tail waters 
are included in the above Pests and that the tail water for maximum 
flow w i l l  be between 760 and 765 feet, 

Gate Openting Procedure 

The model tests showed that certain combinations oZ gate 
openings were better than others in releasing water through the spill- 
way, In general, flow was smoother and Better distributed in  the 
spWw.sly when the gates were opened an equal amount. However, Me 
jet leaving tlhc bucket was PPSO more concentrated with both gates op- 
era t ing  and caused slightly deeper erosion in the cbannel, especially 
for discharges above 30,000 second-feet, 

Normslily, the spillway will  be operated with both gates opened 
sn equal amount. With the gates equally open, the flaw is turned away 
from the talus slap and enters the river ckamel i n  a direct mnnner, 
However, the position of the jet in -the channel may be moved to  the 
sight or  left by manipulating the ga<?s, Figure 48, By releasing more 
fEow throttgh the left gate, the position of the jet is shifted to the right 
oi' the main r iver  channel. Conversely, the jet position is shifted to 
the left when more flow is released through the right glate, Figure 48 
illustrates the amount the jet may be shifled when me gate is closed 
for discharges of 25,000 a d ,  57,500 second-f&t. 

The ability to  shik the jet .frtxn ome p i t i a n  to mother po- 
sitim in the chartnei is a valuable feature of the spillway design, if 
excessive erosion or undesirable side eddies occur in the dowmstresim 
river channel, the jet may be moved to mother portion of She channel 
by manipulating the amount of flow through each @tee 



ing wall, Figures 34 and 35, This bin *sf water may be eliminated by 
opening the closed approximateb 8 feet, Figure 49, By releas- 
ing a rehtivcly small gmop~nt of water through the second spdllway 
bay, the main flow is prevented frcm spreading to  the oppatite t-n- 
ing w a l l  and the flow is evenly distributed across the lip of t k  s-_pi- 
way bucket, 

PART 11--OUTLET \IfORKS STUDIES 

The construction schedule for Gorge High Dan calls f o r  
the construction of the gravity section sb the d a m  first, followed by 
the arch sectioa of the dam, The swthrs are required to divert the 
excess r iver  flow, above that released though the p o w e r  intake, 
while the a rch  section of the dam is undcr carstruction, After the 
Qm is completed, flow wi l l  n-Uy Ire released through the power 
intake and over the spillway, However, the outlets a r e  designed to 
release a msximunn of 10,500 second-feet at reservoir  elevatim 875 
feet. 

The two identical outlets were as- located 16 feet 3-114 
inches from the face af the right spillway training wall. When the spill- 
way was shifted 20 feet toward the river as,a result of the spSlway 
studies, the outlets were moved a distance af 25 feet, Thus, in the 
recommended design, Figure 50, the center line of the left outlet is 
located 21 feet 3-1 /4 inches to the right erfl the training wall, The out- 
lets are I08 feet long, 8 feet 9 inches wide and 8 feet 9 inches high 
with an arched top and spaced 17 feet betweeu center W s .  The out- 
lets are horizontal with the inverts at elevation ?60 feet, 

Flow through each of the outlets is controlled by an 0.75- by 
8.75-fmt fixed-wheel gate. The entrance to  the outlet is elliptical 
with a ledge or corbel placed upstream from the turW W~ert which 
serves as a scat for stop logs. A t r  vents are provided to  aerate the 
conduit dcwnstream from the gztttts, 

hladel studies of the outlet works were  conducted t o  st* the 
flow characteristics in the bellmouth entrance, gate chamber, and the 
wtlc t  proper. 

THE _1:16,47 MODEL 

A geometrical scale of 1:16,47 was chosen for the @let 
model to makc use of existing pipe from another model i n  the labora- 
tory, Thc m 4 e l  consisted of a 4- by 5-foot head box, 11 feet Mgh, 
and one of the outlets connected to one side cxf the head box, Figures 



metal. To permit observation of the flow in the outlet, the oretlet and 
gate chamber were constructed of transparent plastic, A l l  hydraulic 
features d tbe outlet were accurately dimeansimed according to proto- C 

type d--wings furnished by the City of Seattle, Since the outlets nor- 
mally w i U  be operated wide open, ao gate was installed in the model - 
;md no aetempt was made to obtain data for partial gate o m s ,  

Fifty piezomreters were placed in the bellmouth entrance a d  - 
outlet to evaluate the pressure distribution within the outlet, 

Water was supplied XQ the model by an 8-in& centrifugal pump 
and measured througlh venturi meters, 

The investigation of the a t k t  works was concerned with the 
characteristics af the flow in the outlets, Preliminary obsemtions of 
tbe outlet opemtion, both in the 1:48 model and the larger 1 :B 6-47 
model, indicated that the f low downstream from the gates was satis- 
factory for all discharges, However, pressure measurements in&- - 
o t e d  that a region of low pressures existed in the bellmouth entrance 
PO ntre outlet, Therefore, the studies were concerned j r i m n i l l p  with 
developing an entrance which was free .oE cavitatiom and which could 
be placed in the iimited space between the gates and the upstream hce 
of the dam, 

BeUmouth Entrance Stdies 

x2 Iovestigwion d the prelimiavy belbouth, --* + 
Y* 

(4.81) 
= 1, indicated a law pressure region along the sides, of the en- 

(1 - 2q2 
trance, Figure 53, Two 1-QWS of piezometers, Nos, 34 to 39 in the 
crown of the entrance and N9s. 21 to 26 located on the side of the ea- 
trance 4 feet above the invert, showed pressures varying from 22 feet 
of water below atmospheric near the face of the dam to 11 f e t  above 
atmospheric at the gate. In general, the row of picptsrneteso h the 
crown of the bellmouth indicated pressures appximateiy 1Q b e t  d 
waiter b w e r  ahan those ohsewed in the row of giameters on the side 
af: the beLLmout2i- A third row of piezometers, Nos, 8 to 13, showed 
positive pressures q i n g  from 14 to 25 f e t  ot water in the comer 
near the h e r t  d the emtrmce. 

Since pressures dangerous3y near the cavitation range were 
observed in t b  prelimbaqy betlmoutb, it was necessary to dewlop a 
Re-w entrance shape. 



Muaresous experiments have been made to develop methods 
d designing an entrance to a circular conduit, Resdts of tests on a 
jet issuing from a circular sbarp-edged orifice, conducted by the Bu- 
reau of Reclamation, 21 st-cowed that the jet sbapc followed an elliptical 
curve rotated about the aris of the opening, The equatiorm of the ellipse 

was expressed in terms of the conduit diameter, x2 + ~2 
t 

(0.50D)Z (0.1 S D ) ~  
1, The shape of the preliminary bellmouth for Corge High Dam wt- 

lets was designeri us* an ellipse, x2 
4- 

~2 
(0.570)s (O.~SD)~= which is 

sinailam to the above general equation, 

However, the cross section d the Gorge outlets is not cfrcu- 
lar, but a ctepmbhation of a semicircle and a rectangle. Tests by H. 
A. TRamn_c;34 on jets issuing drorn redangukr ortficea showed that 
the contrac"uon far nectangdar oMices was greater than the cmtrac- 
tion for circular orifices, requiring an openhag at ttie face of the d a ~  
equal to 1.6 times the diameter of the condwit as coxaptred to 1-3 di- 
ameters for a circular conduit, Likewise, the length d beUaa&h re- 
quired for a re- conduit is appmxbately  3 times that required 
for a e ircubr  conduit, 

Presswe tests on the prelimbaq bellmouth for tha? Gorge 
Dam outlets, Figure 53, indicated tbat a eondoit with a cross secticm 
combining a sezxticircle and a rectangle would require a larger bell- 
mouth opening than a circular codui8. Therefore. it was decided to 
developa belhouQh &wing a contraction approachkg that rtquired 
for a rectangular conduit, Wftina the bellmoarth I c e  to 6 f e e d  which 
is the dismEe between the face oTthc dam and the Gte slot, 

Tests with A i r  

To study warious bellmouth entEOnces in the 1;P 6-47 model 
would require costly a d  time-consunzing changes, Since a test setup 
utilizing air as P flow armdurn was aPPflPble in the hbs~atory, Figure 
%A, the tests were conducted ic the aSr madel where varfous bellmouth 
shapes could be tested with a mfPlfmu. uf effort and materials, 

Pressures in the preliminary beUmsuth were  obtained for the 
following test setups: (I) IuPX prel%mbaaty bellmouth, Figure 546; 

21 Wepsrt No. E3t-d-66, ''Model Studies for the Design of Sluice 
~ntrancez for Grand Coulee Dam, '"u of Reclamation, %Member 
15, 1939. 

3/"Design ef IPc!&nouths for Entrances to Conduits of Circular, 
Square Rectangular Cross Sectioas, '' H. A, Thomas, Caraese 
Institute of Technology, July 1946, 



linnTinary k f l m w t h  blocked ofi', Figure 5 4 ~ :  and 13) recbngu& bell- 
mouth with upper or crircubr portion blocked ofg, Figure SSA. The 
pressures, expressed in terxs of velocity head, for the thee test 
setups are shown in  Figure 55A. For comparison, the pressures ob- 
tained in the water model &-$also shown. + 

The pressures observed in the air mode1 with the full bell- 
mouth are slightly lower those observed in thc water model, 
This variance was no doubt due to the di,Cference in the test setups, 
since the air model included only the bellmouth entrance while the 
water model contained the entire outlet. The pressures obtakcd for 
t k  reetanguhr and circular belhorafhs were almost identical to those 
measured in the prelixninaxy bellmouth except near the face of the dam 

the pressures measured at Rezonneter No, 21 were consider- 
ably lower, e s p e c U y  tor the rectanybr bellnxouth. Tbus, the &- 
served pressures shown in Figure 55A illustrated the need for a m e r  
opening to accommodate the cmtracticm in %he candauit entmce, 

Two a d d i t i w  bellmouths were tested to &termbe the shape 
necessary for an oratlet b a r d ,  rectangulou: in cross section, Figure 

x2 
56A. EkUmouth KO. 2, --$+ ~2 

(6.009 (2.62)2 = E, was based an the gen- 

eral c w e  for rectangular entrances except ahrat the length was re- 
duced from 1.5  to 0. ? times the: conduit diameter, The equation for 

x2 P2 &limouth No. 3 was --g + -s= 1. or a mean between Bell- 
(6.80) (1 -97) 

mouth Nos, 1 and 2, 

Figure 55B shows the results of the pressure tests on the 
three entrance shapes, The pressure, expressed in turns d veloc- 
ity head, for Bellmouth No, 2 was app~eafxrrately zero in the upstream 
half of the entrance while slightly lower in the downstream balZ, The 
l ower  pssurcs observed in the downstream portion of the entrance 
probably were d w  to the shortened Ltragh of the belbouth, The pres- 
sures obserwd in BeUmouth Mo. 3 fell between those &served in hfl- 
mouth Nos.  h and 2, with a pressme equal to 0.3 af the velocity head 
below atrmwpbric measured at Piezomettr No. 21, 

THE RECOBQMEWED DESEN 

The air tests on the three entrance shapes McateB that Bell- 
mouth No, 2 would @we approrfmatdy atrao~pheris pressures whe& 
used with a rectnngulsu: canduiP, Therefore, it was decided to construct 
the iuP1 kfknouth usiarg an e U M d  curve sZlPrilnr to Bellmouth No, 2, 
and test it in the 1:P6,47 water rncxiel wish the gate chamber and cm- 
duit attached, The! tqua'tion d the new entatPonet, BcPlmouth No, I, was 



2 but fitted better into the dimensioning and spacing of the outlets, 

The pressures in feet af water absented in Bellmouth No. 4 
and the loutlei are shown in Fjpre 55C. The observed pressures in 
both the tunnel and hllnnoutb were above stmarspheric except at Pie- 
zanctes  Nos,  38 and 39 in  the crown of the bellmouth immediately 
upstncam from the gate where the pressures were slightly below at- 
mospheric, The lowest &served pressure was 4-1/2 feet below at-  
mospheric, which is  well  above the cavitation range. No pressures 
were obse~ved on the surface of the corbel projecting into the reser- 
voir, In this region, velocities are 1m with corres~~)~&iRg higher 
pressures,  

The above model setup represented flow entering the outkt 
with full contcactian. However, since the outlets are campara'tivdy 
d o s e  together and the left outlct adjoins the spi l lmy corbel, the can- 
traction on the left side of the left owlet would be suppressed when 
either the left or both outlets were ~perating, The approaching flow 
between the outlets would also be suppressed when both outlets are 
operating. Since piezollneters had been installed on only one side of 
the cutlet it was believed advisable to obtain data more representative 
af prototype approach conditions, Pressures were therefore obse- 
v;rth the following model arsangements: 

Arrangement A, Same as shown in Figure 51, Flaw ap- 
proached outlet unsuppressed from all sides, representing approach 
corarfitians when only right outlet was aperating, 

Arrangement B, Wal l  of symmetry placed on left side of out- 
let. ~ & s  arrangement represented the appmach conditions in the 
right outlet when both outlets we%-e opemting. 

Arrangement C. Spillway and right pier installed on right 
side oi' outlet, representing approach conditions when left outlet 
was operating, 

Arrangement X). Spillway a, one side and wal l  of symmetry 
placed on the &her side af outlet to represent approach c d f i i o a s  
i n  left oeelet when bath outlets were operating. 

Pressures for each of the above arrangements with the reser- 
voir at eirraliions 780, 820, and 880 feet are shewn im Table 1, 'TBe 
&served pressures in the critical regions af the beUnzoutb did not vary 
appreciably with rceservair elevation for Uw $our mdel  armmgements. 
SUghUg lower pressures were observed at PinomcPer Nos, 38 and 39 
for the operating cantiition when bath gates w e n  dkschorgfng, lbut tke 
difference was negligible. Thus, the four model arPourgements bad no 
appreciable effect on the pressures in  the conduit. Tbe h e s t  pres- 
sure recoded was 4-11'2 feet k low atgospheric at Piezcnaeter No, 38 
for Arrangement D with the mse~crir at elevation $80 feet. 



era1 appearance of the jet leaving the o u d  are shown in ~igur& 56B 
and 57 for discharges of 1,000, 2,000, 3,000, 4,000, dund 5,250 second- 
feet. 

DISCHARGE CURVE FOR OWLET WORKS 

The actual calibration points, reservoir elevation versus dis - 
charge, which w e r e  obtained Ear each of the model arrangements of 
the recommended bellmouth are shown in Figure 58, All the points 
Errli an or near the same curve, indicating tbat the Wferent arrange- 
ments had no measurable effect on the discharge. Therefore, the 
curve shown is equally applicable to either outlet, The maximum 
discharge through both outlets was L 0,500 scccmd -feet when the head - 

at fh6 sop of the gates, elevation $75, 
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